Introduction {#s0001}
============

Pain is an unpleasant emotional and sensory experience linked to the actual damage of tissue. Nociceptive pain is an acute physiological response to injury as a result of inflammation. The primary afferent sensory neurons have cell bodies in the dorsal root ganglion projecting through the periphery, with various nociceptors such as transient receptor potential (TRP) channel family of receptors, e.g. TRPV1, TRPM8, TRPA1. Many of these are polymodal such as TRPV1 being able to respond to heat and chemical stimuli.[@cit0001] The signal synapses at the dorsal horn of the spinal cord, resulting in the release of neurotransmitter mostly glutamate binding to the NMDA receptor or substance P binding to NK1 receptor to activate the second-order neuron, in the ascending spinothalamic tract, which projects in the thalamus. From the thalamus, the third-order neuron projects signal into various areas of the higher centre, cerebral cortex, involving the frontal cortex, the sensory cortex and the limbic system, for processing of pain perception relating to emotions, behaviour and action.[@cit0002],[@cit0003]

Morphine is a high-affinity efficacious agonist at the μ-opioid receptor (MOR) and is well known for its potent analgesic effects. It modulates the pain pathway by binding to receptors present in the dorsal horn and also in the PAG and RVM areas of the brain stem.[@cit0004] One of the drawbacks of continuous morphine use is central sensitisation and opioid-induced hyperalgesia,[@cit0005] which probably contributes to the development of opioid tolerance.[@cit0006] In inflammation a cascade of inflammatory mediators contributes to altering primary afferent sensory neuronal responses, these changes bring about peripheral sensitization.[@cit0007]

Chemokines and their receptors are described as controlling agents of cell migration. They orchestrate the immune system controlling pathophysiological processes such as inflammation.[@cit0008] Chemokines are small 17--16kDa proteins known as chemotactic cytokines.[@cit0009] The activation of the seven-transmembrane domain mediates the biological activities of chemokines G-protein coupled cell-surface receptors.[@cit0010] During hematopoiesis, innate, and adaptive immune responses, chemokines dominate all the leukocyte relocation. They play a crucial role in several critical conditions involving; HIV-infection, cancer, hematopoiesis, embryogenesis, atherosclerosis, and angiogenesis.[@cit0009] The association of chemokines and its receptors is complex because chemokines can bind to several different receptors and multiple chemokines can activate a single chemokine receptor.[@cit0010]

Chemokines are classified by structure into two major sub-families; CC and the CXC families.[@cit0011] The CC-chemokines usually appeal to T-lymphocytes, natural killer cells, eosinophil, monocytes, and basophils,[@cit0012],[@cit0013] whereas the CXC-chemokines mainly attract neutrophils and leukocytes.[@cit0014],[@cit0015] Activation of CXCR3 chemokine receptor by its natural ligands CXCL9, CXCL10, and CXCL11 is known to cause migration and activation of immune cells such as T lymphocytes, especially Th1 cells, natural killer cells, B cells, and dendritic cells.[@cit0016] CXCR3 is also able to regulate the development and differentiation of effector and memory populations of T cells.[@cit0017]--[@cit0019] The ligands for CXCR3; CXCL9, CXCL10 and CXL11 are IFN- γ inducible and IFN- γ is well known to be a pro-inflammatory cytokine, having a central role in pathological inflammation and autoimmune diseases.

CXCR3 is known to exist as three different spliced variants, CXCR3-A, CXCR3-B, and CXCR3-alt.[@cit0020],[@cit0021] Where CXCR3 is generally termed to be the CXCR3-A isoform. The CXCR3-B isoform is also a receptor for CXCL4. Both A and B variants are known to have distinct cell signalling events are thought to mediate opposing functional effects.[@cit0020] CXCR3-alt appears to have limited biological activities.[@cit0021] CXCR3 is expressed on a wide variety of tissues and other non-immune cells that include the brain, heart, skeletal muscle, colon, kidney, liver, small intestines, placenta, smooth muscle cells, and neurons.[@cit0020] Therefore, it is highly conceivable that CXCR3 in different tissues have different effects arising from alterations in signal transduction pathways.[@cit0022] Furthermore, chemokines appear to have promiscuous interactions between receptors, for instance, CCL21 not only binds to the CCR7 receptor but also has been shown to have functional effects through binding to the CXCR3 receptor. CCL21 caused activation of murine microglia, increasing Cl^−^ currents and initiating chemotaxis through the CXCR3 receptor.[@cit0023]

The primary nociceptive afferents are responsible for initiating and mediating the sensation of pain in dorsal root ganglia and trigeminal ganglia. The expression of CXCR3 has been observed in the nervous tissues that include primary sensory neurons.[@cit0024] The inflammatory and neuropathic pain conditions result in the up-regulation of CXCR3 signalling in sensory neurons, which is implicated in maintaining a chronic state of pain.[@cit0024] The exact mechanisms underlying neuronal hyperexcitability remain largely unknown,[@cit0025] but it is conceivable that nociceptive and pruritic impact may be directed by CXCR3 through the activation of immune cells, resulting in the release of inflammatory mediators targeting the sensory neurons.[@cit0026]

Blocking chemokine receptor activity by a drug is of therapeutic importance for inflammatory conditions,[@cit0027] and it may also be valuable for producing analgesic effects. CT526284 and CT522274 are two small molecular weight compounds, which have previously shown to block CXCL11, CXCL10, and CXCL9 mediated G-protein activation in T-cell membranes.[@cit0028] It would be interesting to identify if antagonists at CXCR3 could block neuronal responses. In the present study, we discuss the possible role of CXCR3 in the pain modulation of several diseases.

Methods {#s0002}
=======

The study was aimed to discuss the possible role of CXCR3 in the pain modulation of several diseases. A brief literature review was conducted to identify studies that link CXCR3 to the pathogenesis of several diseases. For this purpose, Boolean operators were used, which help in connecting and defining the relationship between the search terms. The database PubMed Medline was used to search for original research articles in the English language. The time-period selected for this study was 2005--2020, to cover the last 15 years of research. Review articles were excluded. The information related to the article retrieval and its selection has been presented in [Figure 1](#f0001){ref-type="fig"}. The study was divided into following sub-themes; the role of CXCR3 in bone cancer pain, the role of CXCR3 in osteoarthritis and rheumatoid pain, the role of CXCR3 in neuropathic pain, the role of CXCR3 in cystitis/bladder pain syndrome, and role of CXCR3 in dental pain. The themes discuss the prevalence, and occurrence of the diseases as well as the essential role played by CXCR3 towards the progression of the disease and in modulating the pain associated with these diseases.Figure 1Flow chart identifying the themes of individual searches and the numbers of articles retrieved.

Results and Discussion {#s0003}
======================

Role of CXCR3 in Bone Cancer Pain {#s0003-s2001}
---------------------------------

Cancer is defined as a group of diseases caused because of overgrowth and spread of abnormal cells in a part of the body. Lung, prostate, kidney, and breast cancer are the main culprits in which the cancer cells frequently metastasize and spread to the multiple bones of the body. As a result, approximately 90--95% of the patients suffer from life-altering or severe pain to metastatic cancer.[@cit0029] Bone cancer pain is reported as the most common type of pain syndrome among patients who have cancer of lungs, prostate, or breast.[@cit0013] However, despite its prevalence, very little research is available on cancer metastasized to bone.

Guan et al[@cit0030] studied the role of CXCR3 in the induction and maintenance of bone cancer pain using a rat model of bone cancer pain. Walker-256 mammary gland carcinoma cells were inoculated into the rat's tibia, to induce bone cancer pain. Mechanical paw withdrawal threshold (PWT) was used to assess the pain response/mechanical allodynia. Time-dependent and CXCR3 activation-dependent Akt and ERK1/2 phosphorylation occurred in the test rats. Immunohistochemistry and Western blot analysis revealed that CXCR3 was expressed in various types of neurons in the dorsal root ganglia as well in astrocytes and microglia in the spinal cord. In addition, CXCR3 was co-localised with pAkt or pERK1/2. CXCR3 inhibition using a CXCR3 antagonist, AMG487 could decrease mechanical allodynia and decrease pAkt and pERK1/2 levels. The additional use of a PI3K inhibitor, wortmannin, or MEK inhibitor, U0126, diminished the subsequent activation of Akt and ERK1/2 respectively also reducing mechanical allodynia in test mice but not in control. Together this indicated two branches of signalling both mediated via CXCR3 activation causing bone cancer pain; CXCR3-PI3K-pAKT and CXCR3-MEK-ERK1/2. Also, Wortmannin inhibited both pAkt and pERK1/2 protein levels, and conversely U0126 inhibited both pERK1/2 and pAKt. Thus, activation of the spinal chemokine receptor CXCR3 mediated bone cancer pain via crosstalk of downstream PI3K/Akt- Raf/MEK/ERK pathways. The results of Guan et al were also reviewed by Guo and Gao,[@cit0031] further highlighting the importance of neuronal microglia communication for maintenance of bone cancer pain, and the need for it to be further explored.[@cit0031] Hence, CXCR3 does appear to play an essential role in maintaining bone cancer pain. However, research unravelling the complexities of the physiological effects of CXCR3 in the spine is necessary in order for the development of target strategies against CXCR3 to be of therapeutic value.

An earlier study by Bu et al[@cit0032] addressed whether CXCR3 had a role in bone cancer pain associated with metastatic breast cancer. Walker 256 rat mammary gland carcinoma cells were injected into the tibia of the rats. Mechanical allodynia was examined by von Frey filament stimulation by measuring the hind PWT. Results showed an up-regulation of CXCL10 and CXCR3 in rats injected with the carcinoma cells compared to control which also correlated with an increase in mechanical allodynia. Blockade of CXCR3 activation using anti-CXCL10 antibody, and AMG487, caused a reduction in mechanical allodynia and suppressed microglial activation, as assessed by immunohistochemical analysis of spinal sections detecting the activated microglial marker CD11b. In naïve rats, intrathecal administration of recombinant CXCL10 induced mechanical allodynia, and this was inhibited by AMG487. Results indicate that CXCL10-mediated activation of CXCR3 led to mechanical allodynia and the maintenance was dependent on microglial activation, since inhibiting microglial activation, using minocycline, attenuated the mechanical allodynia initially (day 7) but completely abolished it after 10--14 days. Furthermore, in naïve rats' intrathecal injection of recombinant CXCL10 caused higher spinal CXCL10mRNA expression, which was partially attenuated by treatment with minocycline. Thus, the activation of spinal CXCL10/CXCR3 pathway was found to be crucial in mediating bone cancer pain in rats through activation of microglia. Hence, the CXCL10/CXCR3 pathway could be a novel clinical therapy for metastatic breast cancer-induced bone pain.[@cit0032]

Zhou et al[@cit0033] evaluated chemokines and their receptors as potential therapeutic targets for bone cancer pain in a review highlighting that BCP prevalence is high due to the inefficiency of non-steroidal anti-inflammatory drug analgesics, such as ibuprofen, aspirin, naproxen, and fenoprofen.[@cit0033] There is a need for different therapeutic methods and interventions to be developed for bone cancer pain and considering the role of the CXCR3 receptor in the development and maintenance of BCP it could be considered as a potential therapeutic target.

It is evident from both pieces of literature by Guan et al[@cit0030] and Bu et al[@cit0032] that spinal CXCR3 activation and/or its activation in the dorsal root ganglia is a critical event in the initiation and maintenance of bone cancer pain and is dependent on microglial activation. Additionally, it appears as though the mechanisms involved are cyclic in nature where the offending factor; bone cancer pain initiated in the tibia of the rats, leads to CXCR3 activation which activates downstream events as well as activating neighbouring microglial cells to further intensify the CXCR3 response and hence the pain. A schematic representation of the downstream signalling pathways and the mechanisms initiated by CXCR3 activation leading to bone cancer pain is illustrated in [Figure 2](#f0002){ref-type="fig"}.Figure 2Schematic representation of the possible CXCR3-mediated signalling mechanisms involved in Bone Cancer Pain, occurring in the dorsal root ganglia and or the dorsal horn of the spinal cord.

Role of CXCR3 in Neuropathic Pain {#s0003-s2002}
---------------------------------

Any nerve injury or nerve disease promotes neuropathic pain. Nerve disease is a chronic condition that causes spontaneous pain, allodynia, hyperalgesia, and other side effects, such as; depression, anxiety and sleep deprivation. Neurological pain can also cause pruritis due to the compression of the nervous root system, and itching is a primary symptom of allergic contact dermatitis (ACD).[@cit0027] It is important to note that acute itch is mediated via histaminergic neurons, whereas chronic itch is mediated via non-histaminergic neurons. White et al[@cit0002] reviewed the role of the chemokines in the pathophysiology of chronic pain syndromes. Chemokines and their receptors can modulate pain hypersensitivity among animals. In particular, the dorsal root ganglia neurons were identified as having upregulated expression of CXCR3 and its associated chemokine ligands in states of pain hypersensitivity. The occurrence of persistent neuropathic pain appears to depend on the inflammatory cytokines and chemokines. Therefore, a detailed examination of the chemokine system in the human body is likely to present more favourable interventions. Furthermore, CXCR3 is well known to be involved in the pathogenesis of many neurological chronic disease states such as Multiple Sclerosis, Alzheimer's Disease and other neurodegenerative and neuroinflammatory conditions.[@cit0034] Thus, a greater understanding of the signalling mechanisms of CXCR3 in painful neuropathic conditions may greatly be beneficial for creating efficacious drug therapies.

A study conducted by Chen et al[@cit0035] used the well-established rat chronic construction injury (CCI) model to examine the role of CXCR3 in the generation of neuropathic pain. Mechanical Allodynia was measured using the von-Frey filament stimulation and the Dixon's up-down method assessing the PWT. Thermal sensitivity was also tested on the plantar surface of each hind paw by exposing a beam of radiant heat through a transparent glass surface. Western blot analysis and immunohistochemistry stains were used to detect and measure CXCR3 and other proteins. CCI of the sciatic nerve caused thermal hyperalgesia and mechanical allodynia as well as increased p-ERK levels. The feel of pain corresponded to a significant increase in CXCR3 and its ligand CXCL10 in the neurons of the spinal cord and dorsal root ganglia. Moreover, pain was attenuated through intrathecal injection of the CXCR3 inhibitor, AMG487, which also corresponded to a decrease in p-ERK levels. Overall, the study concluded that signalling of CXCR3 plays an important role in chronic constriction injury and that p-ERK appears to be a key downstream event for causing neuropathic pain.

Jiang et al[@cit0036] used mice to investigate how CXCR3 worked in the spinal cord using spinal nerve ligation (SNL) induced neuropathic pain and how the mechanisms participated in pain regulation. As evidenced by the study, SNL caused demethylation of the *CXCR3* gene promoter and increased binding of the CCAAT-enhancer-binding protein a (C/EBPa) to the promoter leading to increased CXCR3 expression in spinal neurons. Moreover, SNL also caused elevated levels of CXCL10 to be produced in the spinal nerves and astrocytes. The use of a CXCR3 antagonist and gene silencing methods (shRNA) showed that spinal inhibition of CXCR3 caused a reduction in neuropathic pain. In naïve mice, CXCL10 induced CXCR3-mediated allodynia, assessed using the von Frey and Dixon's up-down method. The study showed that CXCL10 activates the CXCR3 receptor to enhance excitatory synaptic transmission in ascending spinal neurons; this is a process by which CXCR3 is involved in the maintenance of neuropathic pain.

A study conducted by Wang et al[@cit0037] examined the association of spinal caspase-6 with remifentanil-induced hyperalgesia through CCL21 and its receptor CXCR3 in mice. Remifentanil is a potent and short-acting MOR agonist, its long-term therapeutic use is hindered due to its ability to cause post-operative hyperalgesia and hence a state of chronic pain. Remifentanil-induced hyperalgesia (RIH) was established through thermal paw withdrawal latency and mechanical PWT. RT-qPCR and Western blot were used to evaluate the expression of CXCR3 and caspase-6, which is an intracellular cysteine protease, highly associated with neuroinflammation and hence known to modulate microglia activation and chronic pain states.[@cit0038] The results showed that remifentanil exposure caused thermal hyperalgesia and mechanical allodynia and also correlated with increased expression of CCL21, CXCR3 and spinal caspase-6 in the dorsal horn of the spinal cord. Interestingly, a reduction in the spinal expression of CCL21 and CXCR3 occurred as a result of intrathecal injection with a caspase-6 inhibitor; VEID-fmk, correlating with its effect at reducing RIH. In Naïve mice, Injection of exogenous caspase-6 led to mechanical allodynia and thermal hyperalgesia as well as increasing CXCR3 expression in the spinal cord, and both these responses were blocked with the co-administration of an anti-CCL21 antibody. Additionally, exogenous CCL21 injection promoted an acute hyperalgesic state in naïve mice which was then blocked with CXCR3 antagonist; NBI-74330 pretreatment. Furthermore, in RIH mice, intrathecal pretreatment with the anti-CCL21 antibody or NBI-74330, attenuated the RIH and pre-treatment with anti-CCL21 antibody also impaired upregulation of CXCR3 mrNA expression in the dorsal horn. These data strongly support that the interactions between CXCR3, CCL21 and caspase-6 are important in the neuroinflammatory pathogenesis of remifentanil-induced hyperalgesia.[@cit0037]

One particular study by Xu et al[@cit0039] sheds light on the connection between spinal iron overload and CXCR3-mediated neuropathic pain in rats. CNS iron overload, mediated by iron-responsive element-negative divalent metal transporter 1 (IRE(-)DMT1), initiates neuroinflammatory damage and has been associated with several neurodegenerative diseases.[@cit0040],[@cit0041] Also, RIH was associated with higher levels of IRE(-)DMT1 and iron overload, leading to oxidative stress and neurotoxicity.[@cit0042] As expected, CCI neuropathic pain induced CXCL10 and CXCR3 expression in the dorsal horn of the spinal cord. An increase in mechanical allodynia and thermal hyperalgesia correlated with increased expression of spinal IRE(-)DMT1 and spinal iron overload. Intrathecal injection of the CXCR3 antagonist, NBI-74330 attenuated the mechanical allodynia and hyperalgesia, therefore reducing neuropathic pain. Furthermore, chelation of the systemic iron using intraperitoneal deferoxamine caused a reduction in CXCL10 and CXCR3 expression as well as suppressing the mechanical allodynia and thermal hyperalgesia. Intrathecal administration of exogenous CXCL10 induced a state of hyperalgesia in naïve rats and interestingly caused an increase in iron concentration. In addition, co-administration of deferoxamine suppressed the hyperalgesic behavioural states in the naïve mice and reduced iron overload as well as caused a reduction in CXCR3 expression.[@cit0039] Together the data strongly support the idea that iron overload caused by increased expression by IRE(-)DMT1 is associated with CXCL10-CXCR3 axis and both arms co-modulate hypernociception caused by CCI, or possibly even opioid-induced hyperalgesia.

Jing et al[@cit0043] used CXCR3 knockout (KO) mice to ascertain the role of CXCR3 in neuropathic itch, in several different acute itch models and a chronic itch model, maintenance of formalin-induced acute pain, and Freund's adjuvant-induced chronic inflammatory pain using behavioural studies to assess pain and itch. In the CXCR3 KO, mice normal itching was reported in the case of acute itch models but reduced chronic scratching in the case of allergic contact dermatitis (ACD) and the dry skin model. These results were reflected in the wild-type mouse models of experimental ACD and the dry skin induced itch model, where increased expression of CXCR3 and CXCL10 was observed in the dorsal horn of the spinal cord, compared to untreated. Intrathecal injection of CXCR3 antagonist, NBI-74330 reduced the chronic itch but not acute itch. Furthermore, CXCR3 KO mice experienced less acute and chronic inflammatory pain than wild type. Central sensitization to itch, alloknesis, was also decreased in the CXCR3 KO mice, compared to wild type. Thus, CXCR3 was required for the maintenance of neuropathic pain, and in the spinal cord, it helps in mediating alloknesis and chronic itching.

Another study by Piotrowska et al[@cit0044] and Piotrowska et al[@cit0045] used a murine chronic constriction injury (CCI) model of neuropathic pain and mice behavioural studies as well as protein analysis using Western blots and immunohistochemistry to show that up-regulation of CXCR3 expression in the microglia was triggered by neuropathic conditions. An overexpression of CXCL10 in naive mice caused algesia and a decrease in the analgesic effect of morphine indicating CXCR3 is involved in neuropathic pain modulation. Further, the antibody blockade of CXCL10 enhanced the analgesic effects of morphine. Intrathecal administration of a CXCR3 antagonist; NBI-74330 reduced the occurrence of concomitant hypersensitivity and was marked by a reduction in the CXCR3 ligands; CXCL4, CXCL9 and CXCL10 at the DRG level and spinal cord and in addition it reduced microglia and astrocyte activation, determined using the markers Iba1 and GFAP, respectively. The findings highlight that CXCR3 antagonist is effective against neuropathic pain and could be therapeutically used possibly as an adjunct for reducing the use of morphine.

In the clinical practice, the long-term use of morphine antinociception is hindered as a result of its high tolerance level. There is an essential role of interaction between microglia and neuron in controlling the mechanism of morphine tolerance. Wang et al[@cit0046] study was conducted to assess the signalling of CXCL10/CXCR3 in the PAG, mid-brain, that results in the development of morphine tolerance. Neuronal CXCR3 and microglial CXCL10 were expressed parallel to the activation of microglia and repeated morphine administration. A previous report by Bajova et al[@cit0047] showed the exposure to chronic CXCL10 could increase CREB phosphorylation level in cultured hippocampal neurons. An increase in CAMII, CREB, p38 signalling could be required for mediating morphine tolerance.[@cit0048] Thus, together the results suggest that the microglial induced neuronal CXCR3 activation could develop morphine tolerance possibly via CaMKII/CREB/p38 signalling.

Another study induced CCI of the sciatic nerve in rats to analyse the impact of CXCR3 activation in the spinal cord and the involvement of changes in blood-spinal cord carrier (BSCB) permeability (BSCB).[@cit0049] The results showed that CCI caused an increase in CXCR3 expression in the dorsal horn of the spinal cord, further the expression was localised to neurons and not to microglia or astrocytes. CCI-induced CXCL10-mediated CXCR3 activation coupled with disruption of the BSCB which enabled the migration and infiltration of T cells into the spinal parenchyma. Intrathecal administration of an anti-CXCL10 antibody blocked the hyperalgesia as measured by hind PWT and also reduced the BSCB permeability. Together the findings suggest that CXCR3 activation regulates blood--spinal cord barrier (BSCB) permeability, which is further involved in pathogenesis of CCI-induced neuropathic pain and maintenance of hypersensitivity. This clearly suggests that neuroimmune interactions involved in CCI-induced neuropathic pain depend on the migration of T-cells.

Ye et al[@cit0050] reported that overexpression of CXCL10/CXCR3 in the spinal cord of naive mice caused algesia and cancer-induced bone pain, which was also associated with a decrease in the analgesic effect of morphine. Both CXCR3 and MOR were co-localised at the lamina II of the spinal cord, and morphine treatment transiently increased CXCL-10 expression, a site known to be innervated by type C fibers,[@cit0051] producing chronic dull pain. In a rat model of bone cancer pain, antibody blockade of CXCL10 inhibited the Gi protein-signalling cascade leading to enhanced analgesic effects of morphine. Results highlight that a single dose of morphine can lead to a transient increase in CXCL10 expression within the spinal cord. Thus, morphine antinociception can be enhanced by preventing CXCR3 activation by CXCL10. Conversely, CXCL10 overexpression can lead to acute algesia and it reduced the morphine analgesic effect. Overall findings indicate that, in the spinal cord, CXCL10 negatively regulates morphine analgesia suggesting that the CXCL10/CXCR3 activation can reduce the analgesic effects of morphine in relieving BCP.[@cit0048] It is possible that the interactions between CXCR3 and MOR in the brain stem could be a critical step in causing morphine-induced hyperalgesia, central sensitisation and opioid tolerance. In these studies, CXCL10 appears to be a strong pain-producing agent, whereas the CXCR3 blockade using an antagonist could be an effective analgesic option and it would be interesting to measure its effects on morphine tolerance.

The literature described above form a compelling body of evidence that describes a complex mechanism involving CXCR3 and its ligands in particular CXCL10 as a proneuroinflammatory and pronociceptive chemokine receptor--chemokine pair which is key in the initiation, development and maintenance of neuropathic pain. The atypical ligand of CXCR3 (CCL21) as well as CXCL10 appear to modulate opioid-induced hyperalgesia and may also play a key role in morphine tolerance. Together the data can be used to describe a mechanism for neuropathic pain involving several key events that initiate from an inducing factor in what appears to be a vicious circle of neuroinflammation, leading to hyperalgesia and neuropathic pain. In many of the studies, CCI sciatic nerve injury was used to induce neuropathic pain. Subsequently, key events were highlighted all relating to CXCR3 activation such as disruption of the blood--spinal cord barrier (BSCB) facilitating neuroimmune interactions, iron overload in the CNS, interactions between CXCR3 and MOR affecting opioid-induced pain hypersensitivity, activation of intracellular inflammatory mediators such as caspase-6 and CXCR3 activation subsequently initiating downstream signalling pathways, involving ERK/AKT, further activating microglia and exacerbating the neuroinflammation and hence nociception. Indeed, there is some evidence in the literature to suggest that both CXCR3 activation and iron overload could alter the integrity of the BSCB, as has been described earlier.

A schematic representation of the possible signalling and mechanisms initiated by CXCR3 activation leading to neuropathic pain and opioid-induced hypersensitivity is illustrated in [Figure 3](#f0003){ref-type="fig"}.Figure 3Schematic representation of the possible signalling events and mechanism involved in neuropathic pain occurring in the dorsal root ganglia and or the spinal cord and also opioid-induced hyperalgesia or morphine tolerance occurring in the spinal cord and in the PAG, mid brain.

Role of CXCR3 in Osteoarthritis and Rheumatoid Pain {#s0003-s2003}
---------------------------------------------------

Osteoarthritis is a painful, chronic, and disabling condition leading to affect the entire joint. Despite the severity of this disease, its aetiology is still poorly understood.[@cit0052] It is the most common disease among mammals and is considered to be a part of the ageing process. The disease is also considered to be the most common cause of chronic disability among elderly individuals and people of working age.[@cit0019] There are several risk factors of osteoarthritis, such as having a previous history of joint trauma and obesity. Various normal healthy cells, such as; synovial cells, chondrocytes, and several other cells present in the joints produce and respond to chemokines.

Patients with osteoarthritis and rheumatoid arthritis display higher levels of chemokines, including ligands of CXCR3, CXCL10, and CXCL11, in the synovial fluid.[@cit0052]--[@cit0054] The infiltration of CXCR3-positive T-cells led by a chemotactic gradient to sites of damage plays a crucial part in the pathophysiology of rheumatoid arthritis.[@cit0009] Infiltration of activated immune cells leads to the production of intense inflammation and pain. One particular study performed in mice used a CXCR3 antagonist to block the CXCR3 receptor, resulting in reduced pathological signs of rheumatoid arthritis, which shows that blocking the infiltration of CXCR3-positive T-cells with an antagonist can lead to a reduction of inflammation[@cit0055] and subsequently pain.

Lurati et al[@cit0052] assessed the T cell distribution and Th CD4+ cells activation degree in the peripheral blood of patients with rheumatoid arthritis (RA), osteoarthritis (OA), and healthy donors. The study analysed 15 patients diagnosed with RA, 56 patients with hip or knee OA, and 20 healthy patients as matched controls. The T cell subpopulation was identified and evaluated using multi-channel flow cytometry with monoclonal antibodies against CD3, CD8, CD4, CCR6, CXCR3, CD38, and HLA DR. The findings showed that CD4+ CD38+ DR+ (i.e., CD4 T activated cells) and Th17 (CCR6+ CXCR3-) count was found higher for RA patients. However, they were lower for the osteoarthritis patients and the control group. However, osteoarthritis patients had higher levels of Th17 cells, and CD4 T activated cells than the control group. The findings of the study conclude that the OA pathogenesis disease might have immunological or inflammatory involvement similar to rheumatoid arthritis (RA). It showed that Th17 cell profiles differ quantitatively concerning the expression of activation markers between OA and RA patients.

Miller, Miller and Malfait[@cit0053] provide a systematic review for the proalgesic effects of cytokines and chemokines which were identified in osteoarthritic joints, including TNF-α, chemokines, and fractalkine. Cytokines and chemokines may not only lead to joint destruction or synovitis in OA but may induce and directly activate innervating nociceptors. The authors emphasize an understanding of the production of these mediators at the DRG and spinal cord, during the initial changes that occur in a compromised joint may help in enhancing the pain pathway by sensitising the neuron.

Penatti et al[@cit0054] evaluated the immune cells, CD4+T-cell subsets, and their cytokine profiles for rheumatoid arthritis (RA) and inflammatory osteoarthritis (OA) for defining particular immune signatures. They analysed the synovial membranes (SM), peripheral blood and synovial fluid (SF) in OA and RA patients. The frequency of the CD4^+^T-cell subset was studied using the flow cytometry, and ELISA was used for measuring the cytokine concentrations in serum and synovial fluid. The findings highlighted that in peripheral blood, the regulatory T-cell frequency of OA patients was altered, and having higher levels of Th17 and Th1/17 cell frequencies than in RA patients, with both subsets predominate with CCR6+ expression. In the synovial membranes of OA patients, CXCR3 expression predominated, as Th17 cells were few, and levels of Th1/Th17 cells were higher. Levels of T reg cells and Tfh cells were higher in RA patients than in OA patients, as is expected with the disease having an autoimmune inflammatory aetiology. IL-17 and B lymphocyte stimulator (Bly) levels were higher in RA patient's SF and serum samples with an increasing correlation with the disease activity and the autoantibodies. Blys levels were also higher in RA patients who had a low disease score. They concluded that OA inflammatory patients had immune activation in the synovial compartment displaying different frequencies of the T-cell subset as well as cytokine profiles.

Jenh et al[@cit0055] examined the in vitro pharmacological properties of the small molecule CXCR3 antagonist (SCH 546,738) by radioligand receptor binding as well as T cell chemotaxis assays. Mouse collagen-induced arthritis, rat and mouse experimental autoimmune encephalomyelitis, and rat cardiac transplantation models were used for determining the in vivo efficacy of SCH 546,738. The findings showed that the binding of SCH 546,738 with human CXCR3 occurred at a high affinity (0.4nM). Non-competitive displacement of radiolabelled CXCL10 and CXCL11 occurred using SCH 546,738, with an IC50 ranging from 0.8 to 2.2 nM. In activated T-cells, CXCR3-mediated chemotaxis was specifically inhibited by SCH 546,738 with an IC90 of approximately 10 nM. The study established that autoimmune disease development reduces with the administration of antagonist SCH 546,738 in the collagen-induced arthritis model by reducing the joint leukocyte infiltration and structural damage to cartilage and bone. The results indicated that therapy using a CXCR3 antagonist could help overcome the treatments of autoimmune diseases, by primarily preventing inflammatory cell recruitment and hence could attenuate the progressive nociception.

Benigni et al[@cit0056] investigated the role of CXCR3 in the pathogenesis of osteoarthritis. Collagenase intraarticular injection was given to WT mice and CXCR3 KO mice. CXCR3 KO mice were injected and observed throughout 8 weeks at day 21, +1 and +3. Synovial thickening, cartilage damage, and osteophyte formation were histologically assessed in order to ascertain the progression of osteoarthritis. Synovial fluid was collected following induction of the disease to identify the inflammatory cells and quantify cytokines using flow cytometry and ELISA assays. Results show that osteoarthritis developed only in WT mice and not in CXCR3 KO mice. Neutrophils and NK cells were among the first to accumulate within the synovium during osteoarthritis. The study highlighted that the CXCL10/CXCR3 axis plays a crucial role in the development of osteoarthritis with increased levels of CXCL10 in the synovial fluid in WT mice but not in the CXCR3 KO mice. Hence, neutrophils, NK cells and CXCR3/CXL10 axis appear to be involved in the induction and progression of osteoarthritis. Therefore, CXCL10-mediated CXCR3 activation appears to be essential for the pathogenesis of osteoarthritis.

Two distinct descending pain modulatory pathways originating from the RVM that contribute to pain hypersensitivity in chronic pain states have been described. First, the 5-HT (serotonin)-positive cell bodies, which release 5-HT into the dorsal horn.[@cit0057] The second are cell bodies in the RVM, which express the MOR.[@cit0058] Carr et al[@cit0059] studied the descending modulatory pain pathway in a mouse joint pain model using microarray analysis. Abasement of the neuronal MOR using dermorphin-saporin, confirmed by immunohistochemistry, caused a reduction in the PWT, thus revealing that the MOR itself was necessary for maintaining hypersensitivity to joint pain. The abasement of MOR in the neuronal cell bodies of the RVM, the originating point of the descending nociceptive pathway terminating in the dorsal horn of the spinal cord, led to the downregulation of genes; *Cxcr3* and its ligands *Cxcl9* and *Cxcl10* in the dorsal horn, 7 days post joint inflammation. Therefore, the signalling interactions between MOR and CXCR3 in the descending modulatory pathway appear to be crucial in maintaining pain hypersensitivity. Thus, CXCR3 and its ligands CXCL9 and CXCL10 may play a role in the modulation of nociception in cases of joint inflammation.

The data above support CXCR3 to be a potential drug target for the prevention of immune cell recruitment, which decreases inflammation, leading to a decrease in the ascending nociceptive pathway stimulation but also may modulate descending nociceptive pathway signalling possibly through the actions of MOR.

Role of CXCR3 in Cystitis/Bladder Pain Syndrome {#s0003-s2004}
-----------------------------------------------

Bladder Pain Syndrome (BPS) results in severe urinary symptoms and pelvic pain. It is considered to be one of the causes of pain, affecting millions of people globally. Moreover, the lack of reliable treatments results in impairing the quality of life to a great extent. It is one of the debilitating chronic diseases that are classified by lower urinary tract symptoms and suprapubic pain.[@cit0060] Also, the etiology of the disease is still largely unknown or poorly understood. Furthermore, the treatments are primarily chosen based on the experience and preference of the practitioner.[@cit0061]

A study conducted by Kim[@cit0062] focused on the histological findings characterized by bladder discomfort, urinary frequency, urgency, and pelvic pain. Inflammatory Urinary markers were investigated based on the function and molecular structure. The identified inflammatory markers were; histamine, mast cells, IL-6, methyl histamine, CXCR3, chemokine, PAP, HIP, AIBG, ORM1, tyramine, TNFSF14, and 2-oxoglutarate. Another study performed by Akiyama et al[@cit0063] used immunofluorescence analysis to identify the expression and localization of CXCR3 and other immune cells in the Hunner type interstitial cystitis (HIC) bladder compared to control bladder samples (non-diseased). Results showed there was increased infiltration of CXCR3-positive plasma cells into the lamina propia of the Hunner type interstitial cystitis compared to that of the non-HIC bladder.

The studies above identify CXCR3 to play a significant role in the chronic inflammation associated with cystitis; therefore, it may be considered as a causal factor for the pain.

Role of CXCR3 in Dental Pain {#s0003-s2005}
----------------------------

Periodontal diseases are the most common cause of oral inflammation among the human population. It is a chronic inflammatory disease-causing pain especially, on chewing.[@cit0029] T lymphocytes are part of a complex network of heightened immune responses resulting in the pathogenesis of periodontal disease.[@cit0064],[@cit0065] Indeed, CXCR3 and its ligand CXCL10 are highly expressed in diseased periodontal tissue[@cit0064] and are now well known to be one of the mediators of this pathogenic process. Much literature is available associating CXCR3 and its role in T-cell migration to the pathology of periodontal disease.[@cit0065]

Hiyari et al[@cit0066] performed a study to identify genes that are significantly associated with periodontal disease using a model of LPS induced periodontal disease in mice. The FAST-LMM program was used to perform genome-wide association studies (GWAS). Results showed that the CXCL10 ligand is one of the pro-inflammatory cytokines that highly and exclusively expressed the C57BL/6J strain of mice (strain with high bone loss). Mice with the *CXCR3* gene deletion displayed a 50% reduction in bone loss and reduced osteoclast activity. The CXCR3 antagonist AMG-487 caused a 45% reduction in bone loss in wild-type mice, which were injected with LPS.

A study performed in 2009 by Hosokawa et al[@cit0067] used ELISA assays to measure the production of CXCL10 by human gingival fibroblasts that had been subjected to stimulation by an array for different cytokines and their combinations. The cytokines used were pro-inflammatory cytokines (IL-1 and TNF-α), T-helper 1 cytokine (IFN-γ), Th2 cytokines (IL-4 and IL-3), T-helper 17 cytokines and Regulatory T-cells cytokines. IL-1, TNF, and IFN-γ caused expression of CXCL10 in the gingival fibroblasts, and Th2 cytokines inhibited the production of IL-1, TNF and IFN- γ induced CXCL10 production.

The cytokine, chemokine, and chemokine receptor expression profiles were determined through the course of periodontitis using a mouse model of *Actinobacillus actinomycetemcomitans*-induced periodontal disease. Pro-inflammatory cytokines (TNF-α, IFN- γ, and IL-12) were observed soon after the injection of periodontal disease-causing bacteria and their expression remained through the course of the disease. Various Th1 chemokines and their receptors, including CXCL10 and CXCR3, also followed a similar pattern of expression. Th2 chemokine expression started at day 30 after injection of the microbes. Intense bone loss and inflammation were predominantly expressed through the Th1 phase.[@cit0068]

Irreversible pulpitis can cause severe continuous or paroxysmal pain as well as thermal hypersensitivity.[@cit0027],[@cit0069] A study by Adachi et al[@cit0069] found a significantly higher expression of CXCL10 mRNA in inflamed dental pulp compared to the healthy dental pulp; this expression was localized to macrophages, endothelial cells, and fibroblasts. CXCR3 was mostly exclusively expressed on T-cells. Cultured dental pulp fibroblasts also secreted CXCL10 in response to stimulation by live caries-related bacteria but not to heat-killed bacteria.[@cit0069] These results suggest that CXCR3-positive-activated T-cells and its ligand CXCL10 may have a significant role in the pathogenesis of pulpitis. Hence, it is highly conceivable that endodontic pain may be modulated by the pharmacological interactions between CXCR3 and CXL10. Dental caries also initiates the expression of several cytokines and pro-inflammatory mediators, including CXCL11 and CXCL10 in the odontogenic layer of the tooth, as well as the pulp itself.[@cit0070] Thus, contributing to the pathophysiology of pulpal inflammation.

CXCR3 plays an important role in modulating pain related to dental pathologies such as; periodontitis and pulpitis due to its capability of causing immune cell migration and thus contributing to the progression of the disease.

Conclusion {#s0004}
==========

The current study was conducted to evaluate if CXCR3 plays any role in the diseases associated with severe pain. A cohort of literature was examined to collect information regarding the role of CXCR3 in modulating the pain in several parts of the body. All the data suggest that CXCR3 is a critical player in the progression of inflammatory diseases, and the inflammatory mediators can cause activation of nociceptors in the primary afferent nerves.[@cit0028] An emerging body of literature indicates that CXCR3 activation in neuronal cells and microglia of the spinal cord can modulate ascending nociceptive pathways resulting in hypersensitization and algesia. Therefore, it may be postulated that CXCR3 can modulate pain in two ways; first, by preventing the recruitment of immune cells, thus reducing the inflammatory response, the disease and hence the pain. Second, affecting nociception in the CNS tissue via its actions in the spinal cord, particularly, the dorsal root ganglion and the dorsal horn of the spinal cord as well as altering μ-opioid-induced pain modulation in the ascending and descending modulatory pathway at points in the brain stem, such as the RVM and PAG. [Figure 4](#f0004){ref-type="fig"} shows a systematic representation of all the supporting studies, which identify CXCR3 to have a role in paid modulation at specific site in the pain pathway.Figure 4Schematic representation of the studies identifying CXCR3 to be involved in pain modulation at specific sites in the pain pathway.

As reported, CXCR3 was found to play a crucial role in cases related to bone cancer pain, neuropathic pain, osteoarthritis/rheumatoid arthritis pain. The literature evaluated with regards to pain associated with cystitis/bladder pain syndrome, pulpitis and periodontitis identify CXCR3 to be part of the pathogenesis of the disease and hence be a causal factor for the pain. To this end, further research delving into the mechanisms of CXCR3 induced pain centrally, and peripherally is warranted to be able to develop novel potential therapies. Hence, the knowledge of CXCR3 can prove to be beneficial for the researchers and clinicians in developing interventions that can modulate pain. However, future studies detailing the CXCR3-mediated signalling pathways are required to effectively design therapeutic pain targets.
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